Solution-treated Cu-1.8 mass%Be-0.2 mass%Co and Cu-3 mass%Ti alloys were subjected to severe plastic deformation using high-pressure torsion (HPT) process to examine the change in densities of grain boundary, dislocation and vacancy during natural aging of the two alloys at 293 K after HPT-straining, and the in uence of the natural aging on the age-hardening behavior of the alloys on subsequent articial aging. Application of HPT processing under an applied pressure of 5 GPa for 10 revolutions at 1 rpm to each alloy produced an ultrafine-grained structure. Aging the HPT-processed alloys at 293 K for the longest period of 2.59 Ms (1 month) did not essentially change the dislocation densities and grain sizes of the alloys; however, the vacancy concentrations of the alloys gradually decreased with increasing natural aging time. The attained peak hardness of the Cu-Be-Co alloy on subsequent arti cial aging at 593 K decreased as natural aging time increased, while the natural aging at 293 K for 2.59 Ms had no in uence on the age-hardening behavior of the Cu-Ti alloy during arti cial aging at 623 K. This result is ascribed to the difference in formation mechanisms of strengthening precipitates between two alloys; G.P. zones are directly formed in Cu-Be-Co alloy while β -Cu 4 Ti phase is formed via spinodal decomposition without nucleation events in Cu-Ti alloy.
Introduction
During severe plastic deformation (SPD) processing of metallic materials, high densities of lattice defects such as grain boundaries, dislocations and vacancies, as well as ultra ne-grained structure, are introduced. Zehetbauer et al. have reported that after SPD of metallic materials, an extremely high vacancy concentration that is nearly equal to the thermal equilibrium concentration at the melting point is attained 1) . Setman et al. have shown that excess vacancies introduced by SPD processing are rapidly decreased even at room temperature (RT) 2) . It is well known that the excessive vacancy concentration strongly in uences the precipitation of second phases 3) . Therefore, the time for which SPDprocessed specimens are exposed at RT, i.e. natural aging time, can be considered as a parameter to the precipitation behavior in the specimens during subsequent arti cial aging.
In our previous paper, Cu-Be-Co and Cu-Ti alloys were subjected to high-pressure torsion (HPT) processing, and age-hardening behaviors of the alloys during arti cial aging following natural aging at RT for various times were investigated 4) . For the Cu-Be-Co alloy, as the natural aging time increased, the attained peak hardness during arti cial aging decreased and the aging time to reach the peak hardness increased. Contrary to these, for the Cu-Ti alloy, the natural aging time did not essentially affect the age-hardening behavior of the alloy in the subsequent arti cial aging. These results were explained by the difference in the mechanism of formation of strengthening precipitates between the CuBe-Co alloy (direct nucleation of G.P. zones 5) ) and Cu-Ti alloy (formation of β -Cu 4 Ti precipitates via spinodal decomposition [6] [7] [8] ), as well as recovery of the high density of lattice defects introduced by HPT processing during natural aging.
In the present paper, as an extension of the previous work, to clarify the effects of natural aging on the age-hardening behavior of the Cu-Be-Co and Cu-Ti system alloys processed by HPT-straining during subsequent arti cial aging, the dependences of the densities of lattice defects in the alloys on natural aging time are investigated quantitatively and systematically.
Experimental Procedure
The alloys used in this study were commercial Cu-1.8 mass%Be-0.2 mass%Co alloy and Cu-3 mass%Ti alloy. The Cu-Be-Co and Cu-Ti alloys were solution-treated at 1093 K and 1173 K for 2 h, respectively. Then the alloys were quenched into cold water. Disk-shaped pieces having a thickness of 0.8 mm and a diameter of 10 mm were sparkcut from the solution-treated alloys. The alloy disks were subjected to high-pressure torsion (HPT) up to 10 rotations under a rotation speed of 1 rpm under a compression stress of 5 GPa at room temperature. After the HPT processing, the disks were immediately cooled-down to 243 K within 2 mins. Then, natural aging of the HPT processed specimens was carried out at 293 K for 1 week (0.60 Ms) and 1 month (2.59 Ms). Hereafter, the specimens processed by HPT before and after natural aging for 1 week and 1 month are referred to as 0 s-, 1 w-and 1 m-specimens, respectively. Following the natural aging, arti cial aging were carried out at 593 K for the Cu-Be-Co specimens and at 623 K for the Cu-Ti specimens.
Microhardness measurement, resistivity measurement, X-ray diffraction analysis and vacancy concentration measurement of the specimens before and after the aging treatments were performed. The specimens for the microhardness tests were mirror-like polished by SiC papers. The microhardness measurements were carried out using a Vickers hardness tester. The measurements of microhardness started at the center of the HPT disks and were taken at every 1 mm from the disk center to the edge of specimens along the 8 radial directions. The electrical resistivity of the specimens were measured by a four terminal method at 293 K using a DC resistance meter (Hioki Electric RM 3545). The specimens for the resistivity measurements with a dimension of 6 × 2 × 0.5 mm 3 were spark-cut out from the HPT disks so that the center of the specimens was 3 mm apart from the center of the HPT disks (equivalent strain is approximately 7 in the Hencky strain 9) ). The measurement accuracy of the resistance meter is 0.001 μΩ. The X-ray diffraction pro les of the specimens were investigated. The X-ray measurements were carried out using a Cu target under an acceleration voltage of 40 kV and incident angle θ ranging from 30 to 80 o . The specimens for the X-ray analysis were carefully set so that the incident X-ray beam illuminated the region that is 3 mm apart from the center of the HPTed disk. The diameter of the X-ray beam used was approximately 1 mm. For vacancy concentration measurement, the positron annihilation lifetime spectroscopy (PAS) was carried out. The measured position was set at 3 mm apart from the center of the HPT processed disks. 22 Na was used as a radiation source, and the measurement was performed for over two days so that the total detection counts were over 10 6 .
Microstructure observations were performed using a transmission electron microscopy (TEM: JOEL2010FEF) under an acceleration voltage of 200 kV. Specimens for the TEM observation were punched from the HPT processed disks so that the center of the specimens was 3 mm apart from the center of the HPT processed disks. Thin foils for TEM observation were prepared by grinding down to 0.2 mm thickness with SiC papers and then electro-polished using a twin jet electro polishing machine. The nal electro polishing were carried out under a voltage of 6.5 V at 243 K using an electrolyte that is a mixture of nitric acid and methanol (HNO 3 : CH 3 OH = 33 : 67 in vol.)
Results and Discussions
As reported in our previous paper 4) , ultra-ne grained structures in Cu-Be-Co and Cu-Ti alloys were successfully obtained by 10 rotations of HPT processing. The average grain sizes of the Cu-Be-Co and Cu-Ti specimens were about 50 and 100 nm, respectively. The microhardness of the specimens increased up to an equivalent strain of about 7, then saturated to approximately 400 Hv for the Cu-Be-Co alloy and 330 Hv for the Cu-Ti alloy, respectively. Figures 1 and 2 show the change in speci c resistance and microhardness of the Cu-Be-Co and Cu-Ti specimens during natural aging after HPT processing 4) . The values of resistivity of both alloy specimens decreased with increasing natural aging time, while no change in microhardness was observed for the specimens. Figure 3 exhibits a TEM bright-eld image of a Cu-Be-Co specimen naturally aged for one month after HPT processing. The inset in Fig. 3 is a selected-area diffraction pattern . Fig. 3 Bright-eld TEM image of a Cu-Be-Co specimen naturally aged at 293 K for 1 month (2.59 Ms) after HPT processing. The inset is a selected-area diffraction pattern taken using a selected-area aperture of 1.7 μm in diameter. . taken using a selected-area aperture having a diameter of 1.7 μm. The average grain size is 50 ± 3 nm that is almost the same as the grain size of as-HPT-processed specimens 4) . It is obvious that the growth of grains did not occur during natural aging. No change in grain size in the HPT-processed Cu-Ti specimens upon natural aging was also con rmed.
Change in the densities of lattice defects during natural aging
After natural aging for 1 week and 1 month, the dislocation densities in the alloy specimens were estimated by the Williamson-Hall method using X-ray diffraction pro les of the specimens 10) . The estimates are listed in Table 1 together with grain size. In both alloy specimens, no change in dislocation density during natural aging was detected. Table 2 summarizes the obtained positron lifetimes τ 1 andτ 2 and the relative intensities I 1 and I 2 of the positron lifetimes in the HPT-processed Cu-Be-Co and Cu-Ti specimens before and after natural aging for 1 month (2.59 Ms) by the PAS analysis. In addition to τ 1 and τ 2 , the positron lifetimes of approximately 120 ps were observed in both alloy specimens. The positron lifetimes are agreed with the lifetime of positrons trapped at Cu matrix 11) . The values of τ 1 for the alloy specimens before and after natural aging for 1 month are the same, 164 ps. Since the value of 164 ps is in good agreement with the reported value of 164 ps for the lifetime of positrons trapped at dislocations in Cu matrix 11) , τ 1 is then judged as the lifetime of the positrons trapped by dislocations. On the other hand, the values of τ 2 for both alloys slightly increased due to the natural aging for 1 month. Moreover, the values of τ 2 in Table 2 are longer than the lifetime of 180 ps of positrons trapped in sole vacancies in Cu matrix 11) . Čížek et al. investigated the evolution of lattice defects in pure Cu severely deformed by HPT by PAS analyses combined with TEM, X-ray diffraction and microhardness measurements 12) . They reported that excess vacancies in the pure Cu introduced by HPT aggregated to form vacancy clusters 12) . Their results indicate that, in the present alloy specimens processed by HPT also, vacancy clusters are formed by the excess vacancies. It can thus be concluded that τ 2 is the lifetime of positrons captured by vacancy clusters. Čížek et al. showed that the lifetime of positrons trapped by vacancy clusters increased with increasing number of vacancies in the cluster 13) . By applying the reported relationship between the number of vacancy constituting the cluster and the positron lifetime in the literature 13) to the present results shown in Table 2 , the number of vacancies in vacancy clusters before and after natural aging for 1 month were estimated, as listed in Table 3 . From the data shown in Tables 2 and 3 , the vacancy concentration c in each specimen can be calculated using the following equations 12, 14, 15) .
Here, ν vc is the speci c positron trapping rate to vacancy clusters, ν v is the speci c positron trapping rate to vacancies in Cu (= 1.2 × 10 14 s
), ν d is the speci c positron trapping rate to dislocations in Cu (= 0.6 × 10 −4 m 2 s
), ρ is the dislocation density (Table 1) , n vc is the number of vacancies comprising the vacancy cluster (Table 3) , and c vc is the concentration of vacancy clusters. The calculated vacancy concentrations in the specimens are also summarized in Table 3 . In both alloy specimens, the natural aging for 1 month resulted in a slight increase in the vacancy cluster size, and a decrease in the vacancy concentration.
Aging response and microstructure after natural
aging In our previous study 4) , we reported that the Cu-Be-Co and Cu-Ti specimens showed clear age-hardening during subsequent arti cial aging at 593 and 623 K after natural aging for 0 s,1 week (0.60 Ms) and 1 month (2.59 Ms), respectively. Table 4 lists the attained peak-hardness, amount of age-hardening ΔHv and aging-time to attain peak-hardness t pa of each specimen on the subsequent arti cial aging. The attained peak hardness of the Cu-Be-Co specimen decreased and t pa became longer with increasing natural aging time, whereas natural aging had essentially no effect on the articial aging behavior of the Cu-Ti specimens. TEM observations of the arti cially peak-aged specimens revealed that disk-shaped G.P. zones and ne β -Cu 4 Ti precipitates were densely formed within grains in Cu-Be-Co and Cu-Ti specimens, respectively 4) . No grain growth occurred even after peak aging in each alloy specimen. precipitate sizes in the peak-aged specimens. The dislocation densities of the specimens after peak aging were measured by the Williamson-Hall method using X-ray diffraction proles of the specimens 10) . The obtained results are also shown in Table 4 . The grain size, precipitate size and dislocation density after arti cial peak-aging of each alloy were independent of natural aging time.
Discussions
As shown in Figs. 1 and 2 , the resistivities of the CuBe-Co and Cu-Ti specimens decreased during natural aging after HPT processing. It is well known that the resistivity of an alloy is in uenced by thermal scattering of electrons, and concentrations of solute atoms and lattice defects 16) . The inuence of thermal scattering can be neglected because resistivity measurements in this study were conducted at a constant temperature of 293 K. No change in microhardness was observed during natural aging (Figs. 1 and 2) . Moreover, the TEM observation revealed that the formation of precipitates did not occur even after the longest natural aging period of 1 month. These facts indicate that the concentrations of solute atoms in both alloy specimens remain unchanged during natural aging. Therefore, the cause of the decrease in resistivity during natural aging is attributed to change in the concentration of lattice defects. Grain boundaries, dislocations and vacancies are pointed out as lattice defects in the HPT-processed present alloy specimens 16) . As shown in Table 1 , the grain size, i.e. the density of grain boundary, and dislocation density in the specimens were kept unchanged during natural aging. Therefore, the observed resistivity changes in Figs. 1 and 2 are ascribed to the recovery of the excess vacancies introduced by HPT during natural aging, as shown in Table 3 . The decreases in resistivity due to the decrease in vacancy concentration by the natural aging for 1 month (2.59 Ms, Table 3 ) can be calculated by the contribution of unit vacancy to resistivity of the alloys (= 1.5 × 10 −6 Ω at%
). When these calculated values were compared with the experimentally measure values, the calculation was found to severely underestimate at about one fourth of the experimental value for Cu-Be-Co alloy (Fig. 1) , while the calculation for Cu-Ti alloy overestimated at about 2 times larger than the experimental value (Fig. 2 ). More precise measurements of the resistivity and vacancy concentration are necessary to resolve this issue.
As written in Section 3. 2, in the Cu-Be-Co specimens, the age hardening behavior upon arti cial aging following natural aging was found to be dependent on the natural aging time. The concentration of excess vacancy strongly affects the nucleation of the precipitates 3) . In general, the nucleation rate of precipitates increases as the concentration of excess vacancies increases. The decrease in excess vacancy during natural aging (Table 3) should lead to the decay in nucleation of G.P. zones upon subsequent arti cial aging. This qualitatively explains the natural-aging-time dependence of initial hardening behavior during arti cial aging in the Cu-Be-Co specimens.
It was reported that the strengthening by G.P. zones is controlled by the precipitation shearing mechanism 18) . According to the precipitation shearing mechanism, the amount of precipitation hardening Δσ can be qualitatively expressed by the following relation 19) . ∆σ ∝ f r (4) where f is the volume fraction of precipitates and r is the size of precipitates. Since the size of G.P. zones is not affected by natural aging time (Table 4) , the difference in the amount of age-hardening ΔHv upon arti cial aging can be attributable to the difference in f of the three specimens articially peak-aged after natural aging for 0 s, 1 week and 1 month. In our previous work, f after peak-aging decreased with increasing natural aging time 4) , and the estimated values of f are listed in Table 4 . The order of f values corresponds well to the order of attained peak hardness or ΔHv on arti cial aging. It can be said that the volume fraction of G.P. zones decreased as the nucleation rate of G.P. zones decreased, since the excess vacancy concentration decreased as the natural aging time increased.
In contrast to the results of Cu-Be-Co specimens, the natural aging time had no effects on the age hardening behavior of Cu-Ti specimens during arti cial aging ( Table 4) . As discussed above, the change in excess vacancy concentration strongly affects the age hardening behavior of the Cu-Be-Co specimen, because G.P. zones directly nucleated in the Cu matrix 5) . On the other hand, in the Cu-Ti alloy, the strengthening precipitates of β -Cu 4 Ti phase were formed via spinodal decomposition without nucleation process [6] [7] [8] . Thus aging the HPT-processed Cu-Ti alloy at 293 K does not essentially contribute to the hardening behavior due to subsequent aging at 593 K.
Conclusion
The effects of prior natural aging on the subsequent articial aging behavior of solution-treated Cu-1.8 mass%Be-0.2 mass%Co and Cu-3 mass%Ti alloys subjected to severe plastic deformation using high-pressure torsion (HPT) have been investigated precisely and systematically. Experimental analyses of the change in densities of grain boundary, dislocation and vacancy during natural Table 4 Attained peak-hardness, amount of age-hardening ΔHv, aging-time to attain peak-hardness t pa , average precipitate size r and dislocation density ρ for Cu-Be-Co or Cu-Ti specimens peak-aged at 593 or 623 K after HPT processing and subsequent natural aging for 0 s (0 s), 1 week (1 w) and 1 month (1 m). Also shown are volume fractions of G.P. zones for Cu-Be-Co specimens 4) . (1) Aging the HPT-processed Cu-Be-Co and Cu-Ti alloys at 293 K even for the longest period of 1 month (2.59 Ms) did not essentially change the dislocation densities or grain sizes of the alloys; however, the vacancy concentrations of the alloys decreased upon natural aging.
(2) The peak hardness of the Cu-Be-Co alloy obtained by arti cial aging at 593 K decreased with increasing natural aging time. Moreover, the time to attain peak hardness increased as natural aging time increased. However, the natural aging at 293 K even for the longest period of 2.59 Ms does not essentially affect the age-hardening behavior of the Cu-Ti alloy during arti cial aging at 623 K.
(3) The difference in arti cial-age-hardening behavior between the two alloys are ascribed to the different formation mechanisms of strengthening precipitates, that is, direct formation of G.P. zones in the Cu-Be-Co alloy and formation of β -Cu 4 Ti phase in the Cu-Ti alloy via spinodal decomposition.
